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In this paper, we thoroughly investigate the LHC phenomenology of the type II seesaw mech-
anism for neutrino masses in the nondegenerate case where the triplet scalars of various charge
(H±±, H±, H0, A0) have different masses. Compared with the degenerate case, the cascade
decays of scalars lead to many new, interesting signal channels. In the positive scenario where
MH±± < MH± < MH0/A0 , the four-lepton signal is still the most promising discovery channel
for the doubly-charged scalars H±±. The five-lepton signal is crucial to probe the mass spectrum
of the scalars, for which, for example, a 5σ reach at 14 TeV LHC for MH± = 430 GeV with
MH±± = 400 GeV requires an integrated luminosity of 76 fb
−1. And the six-lepton signal can be
used to probe the neutral scalars H0/A0, which are usually hard to detect in the degenerate case. In
the negative scenario where MH±± > MH± > MH0/A0 , the detection of H±± is more challenging,
when the cascade decay H±± → H±W±∗ is dominant. The most important channel is the associ-
ated H±H0/A0 production in the final state `± ET bb¯bb¯, which requires a luminosity of 109 fb−1 for
a 5σ discovery, while the final state `± ET bb¯τ+τ− is less promising. Moreover, the associatedH0A0
production can give same signals as the standard model Higgs pair production. With a much larger
cross section, the H0A0 production in the final state bb¯τ+τ− could reach 3σ significance at 14 TeV
LHC with a luminosity of 300 fb−1. In summary, with an integrated luminosity ∼ O(500 fb−1), the
triplet scalars can be fully reconstructed at 14 TeV LHC in the negative scenario.
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2I. INTRODUCTION
When the standard model (SM) is considered as a low energy effective field theory, the tiny neutrino
masses can be incorporated by higher dimensional operators that are suppressed by new physics above
the electroweak scale. Such an operator first appears at dimension five, which is the unique Weinberg
operator [1], O5 =
(
FCL Φ
)(
ΦT FL
)
, where FL and Φ are respectively the left-handed leptonic and Higgs
doublets in SM and  is an antisymmetric matrix. If the operator is suppressed for one reason or another,
the neutrino masses would be induced by even higher dimensional operators, which are also known to be
unique at each dimension, O5+2n = O5(Φ†Φ)n with n a positive integer [2].
It is interesting that there are exactly three possible ways at tree level to realize the Weinberg opera-
tor in an underlying theory [3]. They correspond to the type I [4], II [5], and III [6] seesaw mechanism
that introduces respectively fermionic singlets, a scalar triplet of hypercharge 2, and fermionic triplets of
hypercharge zero. Variants of the three seesaws are also suggested based on different theoretical consider-
ations [7]. For instance, a combination of type I and III seesaws has a simple realization in the context of
grand unified theories [7], while left-right symmetric models [8] embrace type I and II naturally. The tiny
mass of neutrinos can be more readily induced if the effective operators are radiatively induced [9] or first
appear at tree level at a higher dimension [10].
To discern the underlying physics that is responsible for neutrino masses, it is vital to produce directly
the relevant heavy particles at colliders and study their properties [11–24]. In this paper, we will study the
LHC phenomenology of the type II seesaw mechanism. We recall in this circumstance that the previous
literature mainly concentrates on the simplified version of it, assuming that the triplet scalars are degenerate,
and on the search of the doubly charged scalars H±± [12, 14, 17, 25–27]. Assuming degeneracy, H±±
have only two decay modes: the lepton number violating (LNV) like-sign dilepton decays H±± → `±`±
and the like-sign diboson decays H±± → W±W±. Given the range of neutrino masses, their relative
importance is controlled by the vacuum expectation value (vev) of the triplet, v∆. The dilepton decays
dominate when v∆ < 10−4 GeV, resulting in the characteristic four-lepton signal from pair production
pp → H++H−− → `+`+`−`− [12, 17, 26] and also the promising three-lepton signal from associated
production pp→ H±±H∓ → `±`±`∓ν [14, 17, 26]. For v∆ > 10−4 GeV instead, the diboson decays are
dominant, and the important signal channel is pp → H++H−− → W+W+W−W− → `±`± ET 4j [12]
as well as associated production pp→ H±±H∓ → `±`± ET 4j [14].
The (dominantly) triplet scalars are generally nondegenerate, and to good accuracy their mass splittings
3are determined by a coupling constant λ5 in the potential, see Eq. (3). We discriminate two scenarios:
positive scenario (λ5 > 0) : MH±± < MH± < MH0/A0 ,
negative scenario (λ5 < 0) : MH±± > MH± > MH0/A0 . (1)
The collider signatures for the nondegenerate case have received relatively less attention. For the positive
scenario, Ref. [28] computed the enhancement of H++H−− pair production due to cascade decays of
heavier scalars H± and mentioned further contributions from cascade chain decays of H0/A0 production.
The cascade chain decays can produce a like-sign four-lepton signal whose production rate was estimated
in Refs. [29, 30] in the narrow width approximation. The authors in Ref. [31] investigated the five- and six-
lepton signals from cascade decays ofH±±H∓,H±H0/A0, andH0A0. For the negative scenario, Ref. [32]
noticed the importance of the cascade decay H±± → H±W±∗ and compared its branching ratio with
dilepton decays H±± → `±`±. The work [33] focused on the signal channels pp→ H+H0 → `+ ET bb¯bb¯
for the H± search and pp → H++H− → `+`+ ET jjbb¯bb¯ for the H±± search; see [34] for more details.
Nevertheless, to the best of our knowledge, a systematic and comprehensive study of LHC signatures is still
lacking. The purpose of this paper is to fill the gap.
The rest of the paper is organized as follows. In Sec. II, we set up our notations in the type-II seesaw
model, and review the current experimental constraints on the model parameters. The decay properties
of the triplet scalars in the nondegenerate case are investigated in Sec. III. This is then followed by the
core Sec. IV and Sec. V, where we study systematically the LHC signatures for the positive and negative
scenarios in the nondegenerate case. We estimate the SM backgrounds and develop the strategies to separate
the signals from backgrounds in each signal channel. Finally, in Sec. VI, we present our conclusions with
critical discussions.
II. CONSTRAINTS ON PARAMETERS IN TYPE II SEESAW
We will review in this section the current experimental constraints on the type II seesaw model, so that
our later phenomenological analysis at LHC can be more realistic. To set the stage, we first give a concise
introduction to the model. The seesaw operates with the help of a scalar triplet ∆ of hypercharge 2 in
addition to the SM scalar doublet Φ of hypercharge 1:
Φ =
 φ+
φ0
 , ∆ =
 δ+/√2 δ++
δ0 −δ+/√2
 , (2)
4where the superscripts denote the electric charge. The most general potential is given by
V (Φ,∆) = m2Φ†Φ +M2Tr(∆†∆) + λ1(Φ†Φ)2 + λ2
(
Tr(∆†∆)
)2
+ λ3Tr(∆†∆)2
+λ4(Φ
†Φ)Tr(∆†∆) + λ5Φ†∆∆†Φ +
(
µΦT iτ2∆†Φ + h.c.
)
, (3)
where spontaneous symmetry breaking is triggered by assuming m2 < 0 that results in a vev (v) for the
scalar doublet, while the parameter M2 is assumed to be positive to set the mass scale for the heavy scalars.
The µ term is important, and deserves a few comments. It induces a vev (v∆) for the triplet out of that
for the doublet. This in turn causes mixing between the doublet and triplet scalars of equal charge. Since
the µ parameter can be taken real without loss of generality, CP is preserved by the potential and mixing.
Together with the Yukawa couplings between the leptons and the scalar triplet, it violates the lepton number
by two units. The µ parameter and thus v∆ are considered to be naturally small in this sense. The triplet
vev causes the deviation of the ρ parameter from unity at tree level, i.e., ρ ≈ 1 − 2v2∆/v2 for v∆  v.
The precise experimental measurement on ρ then translates to a limit on v∆, which we take safely to be
v∆ < 1 GeV in our numerical analysis.
Separating out the vev’s,
φ0 =
1√
2
(v + φ+ iχ), δ0 =
1√
2
(v∆ + δ + iξ), (4)
the scalars mix as follows (see for instance, [35, 36]) φ±
δ±
 = R(θ+)
 G±
H±
 ,
 χ
ξ
 = R(α)
 G0
A0
 ,
 φ
δ
 = R(θ0)
 h
H0
 . (5)
Here R(ω) is the standard rotation matrix in the plane, and the mixing angles are given by
tan θ+ =
√
2v∆
v
, tanα =
2v∆
v
, tan 2θ0 =
v∆
v
2v2(λ4 + λ5)− 4M2∆
2v2λ1 −M2∆ − v2∆(λ2 + λ3)
. (6)
The physical scalars thus include the doubly-charged H±±(= δ±±), singly charged H±, and the CP-even
(-odd) neutral h, H0 (A0), while G±,0 are the would-be Goldstone bosons. An auxiliary parameter is
introduced for convenience
M2∆ =
v2µ√
2v∆
, (7)
so that the heavy scalars have the masses approximately
M2H±± ≈M2∆ −
1
2
λ5v
2, M2H± ≈M2∆ −
1
4
λ5v
2, M2H0 ≈M2A0 ≈M2∆, (8)
5while the light scalar has the mass M2h ≈ 2λ1v2. The heavy scalars are equidistant in masses squared to
good approximation:
M2H±± −M2H± ≈M2H± −M2ψ0 ≈ −
1
4
λ5v
2, (9)
with ψ0 = H0, A0, and therefore we distinguish between the two scenarios of masses as shown in Eq.
(1) according to the sign of λ5 while the degenerate spectrum corresponds to the special case of λ5 = 0.
There are various theoretical considerations such as perturbativity, vacuum stability, and unitarity that are
employed to constrain the parameters in the potential. A detailed study of the potential V (Φ,∆) shows both
scenarios are allowed [35]. The parameters chosen for our collider simulation will be located in the allowed
region.
Since the triplet scalars contribute through radiative corrections to the precisely measured electroweak
quantities, their parameters are constrained by the electroweak precision data. A careful analysis of one-
loop radiative corrections has been made in Ref. [36], and the result turns out to depend significantly on
the renormalization scheme employed. In the so-called scheme I, one employs the effective mixing angle
θeeff defined by the Zee vertex as the fourth input parameter in the gauge sector. This is the scheme also
used in Refs. [34, 49]. It was found that the measured value of mW requires a large mass splitting ∆M in
the positive scenario for v∆ & 1 GeV, MH++ ∼ 150 − 300 GeV and specific values of other parameters,
while there is severe tension in the negative scenario for the same ranges of parameters. Here ∆M is
defined as the (positive) mass splitting between H± and the lighter of H±± and ψ0. In the scheme II, one
adopts instead the mixing angle α between A0 and G0 as the fourth input parameter. It was found [36]
that for v∆ . 1 GeV the positive and negative scenarios can be accommodated with ∆M . 50, 30 GeV
respectively. This result is consistent with the bound from the electroweak S, T , U parameters [37], which
requires ∆M . 40 GeV, independently of the doubly charged scalar mass. As we are interested here in
the case of small v∆, we will assume this latter set of constraints on ∆M in our physics analysis.
The Yukawa coupling between the scalar triplet and lepton doublets is responsible for neutrino masses:
LYuk = −YijFCLi
(
iτ2
)
∆FLj + h.c., (10)
where the superscript C denotes charge conjugation and i, j are generation indices. The matrix Y is
generally complex and symmetric, and gives the Majorana neutrino mass matrix
Mν =
√
2Y v∆. (11)
In the basis where the mass matrix of charged leptons is diagonal, the neutrino mass matrix is digonalized by
the unitary PMNS matrix,Mν = V ∗PMNSmνV
†
PMNS, withmν being diagonal, real, and semi-definite positive.
6The matrix Y is thus governed by the neutrino spectrum, mixing pattern, and the triplet vev v∆, and the
relationship is constrained through Yukawa contributions to the leptonic decays of the charged scalars and
the lepton flavor violating (LFV) transitions of the charged leptons.
The mixing matrix VPMNS is generically parameterized in terms of three mixing angles θij , a Dirac CP
phase δ, and two Majorana CP phases. Assuming vanishing Majorana phases, we use the following best fit
values [38] of parameters for the normal (inverted in parentheses, if different) hierarchy of masses:
∆m221 = 7.62× 10−5 eV2, |∆m231| = 2.55 (2.43)× 10−3 eV2;
sin2 θ12 = 0.320, sin
2 θ23 = 0.613 (0.600), sin
2 θ13 = 0.0246 (0.0250);
δ = 0.80pi (−0.03pi). (12)
The absolute neutrino masses remain unknown. Cosmological considerations set an upper bound on the
sum of masses [39, 40],
∑
imi < 0.23 eV. The neutrinoless double-β decay is sensitive to the effective
Majorana mass [41], 〈m〉ee = |
∑
i(V
2
PMNS)eimi|, with the most stringent bound coming from the EXO
Colla. [42], 〈m〉ee < 0.14− 0.38 eV. The direct neutrino mass search is based on kinematics and sensitive
to the average electron neutrino mass, m2νe =
∑
i |(VMNS)ei|2m2i . The current record is kept by the Troitsk
Colla., mνe < 2.0 eV [43], and the upcoming KATRIN experiment has the potential to reach a level of
0.2 eV [44]. Considering all of these constraints, we assume the lightest neutrino to be massless in either
normal (NH) or inverted hierarchy (IH).
The Yukawa couplings can mediate low energy LFV processes. The purely leptonic decays `i → ¯`j`k`l
proceed at tree level by the exchange of the doubly-charged scalars H±±, while the radiative transitions
`i → `jγ gain contributions from virtual H±± and H± loops; see, for instance, Ref. [45] for a compre-
hensive analysis. The parameter space of Mν to be probed with such processes in ongoing and planned
experiments has been discussed in Ref. [46]. Using the experimental limits on LFV processes and the muon
anomalous magnetic dipole moment and assuming degenerate heavy scalars for simplicity, Ref. [47] gives
the combined bound, v∆MH±± & 150 eV GeV. Since both H±± and H± contribute to, e.g., µ→ eγ,
BR(µ→ eγ) = αQED
∣∣(M2ν )eµ∣∣2
12piG2F v
4
∆
[
1
M2
H±±
+
1
8M2
H±
]2
, (13)
the bound will be different in the nondegenerate case. Using the current most stringent bound by the MEG
Colla., BR(µ→ eγ) < 5.7×10−13 (90% C.L.) [48], we draw on the left panel of Fig. 1 the lower bound on
v∆ as a function of MH±± for a given mass splitting of the charged scalars δM = MH± −MH±± for both
NH and IH. (δM = ∆M in the positive scenario and |δM | ≈ ∆M in the negative scenario for a relatively
small mass splitting.) One sees that the bound for IH is generally more stringent than for NH, and that the
7positive (negative) scenario is more loosely (stringently) constrained than the degenerate case:
δM = 40 GeV : v∆MH±± & 180(NH), 235(IH) eV GeV;
δM = 0 GeV : v∆MH±± & 185(NH), 240(IH) eV GeV;
δM = −40 GeV : v∆MH±± & 200(NH), 260(IH) eV GeV. (14)
On the right panel of Fig. 1 we show the relative change by the ratioRδM = v∆(δM)/v∆(0). The deviation
between the positive scenario and degenerate case is small and usually cannot excess 3%, while it can reach
about 10% for the negative scenario. ForH±± heavier than 200 GeV, all deviations can be safely neglected
for both scenarios. Finally, we should mention that the above limits also depend on the lightest neutrino
mass m1 (NH) or m3 (IH) and Majorana phases that we have assumed to be zero.
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FIG. 1. Lower bound on v∆ for nondegenerate case (left panel) and ratio RδM (right) as a function of MH±± .
We finally turn to the constraints at colliders. The decay h → γγ played a central role in the discovery
of h. While the tree-level decays of h keep essentially intact in the type II seesaw due to small mixing
governed by v∆  v, the loop-induced decays h→ γγ, Zγ can receive sizable contributions from the new
charged scalars H±±, H± [36, 37, 49–53]. The partial decay widths for these processes can be expressed
in terms of the following ratios:
Rγγ =
σII(pp→ h→ γγ)
σSM(pp→ h→ γγ) =
σII(pp→ h)
σSM(pp→ h)
BRII(h→ γγ)
BRSM(h→ γγ) , (15)
and similarly for RZγ . The current signal strength in the channel pp → h → γγ is 1.17±0.27 at ATLAS
[54] and 1.14+0.26−0.23 at CMS [55]. Both ATLAS and CMS are consistent with SM at 1σ level, but still have
8a relatively large uncertainty. Detailed analysis shows that the signal rate Rγγ is totally determined by the
sign of λ4 and λ4 + λ5/2. Rγγ is enhanced (suppressed) for negative (positive) λ4 with a small variation
caused by λ5 [50, 53] as λ5 is tightly constrained by the electroweak precision data. Ref. [52] shows that for
a given enhancement in the decay rate, an upper bound can be set on the type II seesaw scale; for instance,
for an enhancement of 10%, the upper limit on the seesaw scale is about 450 GeV, which is completely
within the reach of the 14 TeV LHC. With this conclusion, dedicated searches at the LHC for the decays
H±± →W±W± and H±± → H±W±∗ with MH±± < 450 GeV would be strongly motivated.
The current collider limits on the type II seesaw are mainly drawn from the doubly-charged scalar
search through its like-sign dilepton signature, H±± → `±`±. At LHC 7 TeV, L = 4.7 fb−1 and assuming
BR(H±± → `±`±) ∼ 100%, ATLAS [56] excluded MH±± below 409, 398, 375 GeV at 95% C.L. in the
e±e±, µ±µ±, e±µ± channel respectively. With the same assumption, CMS [57] set a lower bound ranging
from 204 GeV to 459 GeV. Recently, ATLAS has updated its limits to LHC 8 TeV, L = 20.3 fb−1, and
pushed the most stringent lower limit up to 550 GeV [58]. We should emphasize that these bounds do not
apply to the nondegenerate case especially in the negative scenario, where two other decay modes of H±±,
the like-sign diboson decay H±± → W±W± and the cascade decay H±± → H±W±∗, can dominate
over the like-sign dilepton decays in a large portion of parameter space. To our knowledge, there are no
direct experimental limits for these two channels so far. For the like-sign diboson decay, Refs. [59–61]
concluded that the lower bound on MH±± can be derived from the like-sign dilepton ATLAS limit, which
is 60 GeV for LHC 7 TeV, L = 4.7 fb−1, and extends to 84 GeV for LHC 8 TeV, L = 20.3 fb−1. We
will show later that the constraints from the cascade decay may be comparable with the one obtained from
the like-sign diboson signature. As was also shown in Fig. 5 of [58], the mass limit on H±± depends
significantly on the branching ratios assumed for the like-sign dilepton decays, and degrades quickly with
a decreasing branching ratio. For instance, the benchmark point chosen for our simulation in the positive
scenario MH±± = 400 GeV is located in the safe region, as long as BR(H±± → `±`±) . 0.5. From
Table I shown in Sec. IV A, we see that a potential danger may occur in the channel H±± → e±e±,
which is almost at the edge of the exclusion limit. In the negative scenario, we can choose a much lighter
H±± as our benchmark point, see Eq. (30), because its cascade decays can dominate overwhelmingly over
the dilepton modes in a large portion of parameter space; for instance, it can be lighter than 150 GeV if
BR(H±± → `±`±) < 0.02. In this case, the two triplet-dominating neutral scalars H0, A0 can be nearly
degenerate with the SM-like Higgs h, and could result in interesting phenomena. To put it in short, taking
into account the rich decay modes in the nondegenerate case, our benchmark points are compatible with the
most recent ATLAS constraints on type II seesaw.
The previous direct searches at LEP also put constraints on new scalars. For the neutral ones, LEP set a
9lower bound mψ0 > 80− 90 GeV for general models with an extended scalar sector [62]. For the charged
scalars, searches were performed for pair production; for instance, in minimal supersymmetric standard
model (MSSM) or in the more general type-II two-Higgs-doublet model (2HDM), the combined LEP data
yielded mH± > 80 GeV or 72.5 GeV [63]. Although these lower bounds on masses are generally model
dependent, they are respected in our later numerical analysis.
III. DECAY PROPERTIES OF THE SCALARS WITH NONDEGENERATE MASSES
The decay properties of the new scalars have been studied in the previous literature [14, 33, 34, 64];
see, in particular, Refs [33, 34] for the relevant formulae of the decay widths. Since these properties will
be important in devising signal channels at colliders, we summarize them in this section and present a few
figures that would help the reader understand our later analysis more readily. We are aware that some similar
figures have been plotted in the above literature albeit for different parameters than ours.
As we mentioned earlier, the cascade decay H+ → H++W−∗ or H++ → H+W+∗ is possible in
the nondegenerate case, which can change significantly the decay patterns even for a small mass splitting
∆M . These decays are classified into three categories: leptonic, gauge boson, and cascade decays, and their
branching ratios are respectively most sensitive to the Yukawa coupling Y , triplet vev v∆, and mass splitting
∆M . From the decay phase diagram presented in Ref. [64], one knows that leptonic decays dominate for
both ∆M and v∆ being small, gauge boson decays dominate in the region of small ∆M and large v∆, and
cascade decays are dominant for a large ∆M and a moderate v∆. In particular, for v∆ around 10−4 GeV,
cascade decays dominate in a large portion of the ∆M parameter space even if ∆M is as low as 2 GeV.
A. Positive Scenario
In the positive scenario, MH±± < MH± < MH0,A0 , the doubly charged scalar H++ is the lightest and
thus shares decay modes similar to the degenerate case, i.e., the like-sign dilepton decay H++ → `+i `+j
(` = e, µ, τ) and diboson decay H++ →W+W+. Their decay amplitudes are proportional to the Yukawa
coupling Y and the triplet vev v∆, respectively. Figure 2 shows their branching ratios as a function of v∆
at MH++ = 400 GeV on the left panel, and as a function of MH++ at v∆ = 10−4 GeV on the right.
One can see that the two decays are comparable around v∆ ≈ 10−4 GeV and MH++ = 400 GeV. For
a given MH++ , the dilepton decay dominates at v∆ < 10−5GeV, while the diboson decay takes over at
v∆ > 10
−4 GeV; conversely, given v∆, the dilepton (diboson) decay dominates for a lighter (heavier)
H++. A plot similar to the left panel of Fig. 2 can be found in Refs. [33, 34] at a lower mass.
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FIG. 2. Decay branching ratios of H++ as a function of v∆ (left panel) and MH++ (right) in the positive scenario.
The heaviest scalars ψ0 = H0, A0 follow the cascade decay chain ψ0 → H±W∓∗ with H± →
H±±W∓∗. The branching ratios are plotted in Fig. 3 as a function of v∆ at ∆M = 10, 30 GeV and
MH++ = 400 GeV. We notice some interesting features. First, for a given ∆M , the cascade decays
of H+, H0, and A0 share a similar region and shape in the plots. Second, for ∆M = 10 GeV, the
cascade decays dominate in the region 10−7 GeV ≤ v∆ ≤ 10−2 GeV. The leptonic decays dominate for
v∆ ≤ 10−8 GeV, which is about three orders of magnitude lower than in the degenerate case. On the other
hand, gauge boson decays dominate when v∆ ≥ 10−1 GeV, which is three orders of magnitude higher than
in the degenerate case. For ∆M = 30 GeV, the domination region of cascade decays is further extended to
10−8 GeV ≤ v∆ ≤ 10−1 GeV, making the other two modes less important in a larger parameter region.
B. Negative Scenario
We choose the following benchmark masses to illustrate our results in the negative scenario:
∆M = 10 GeV : MH++ = 149 GeV, MH+ = 140 GeV, MH0,A0 = 130 GeV;
∆M = 30 GeV : MH++ = 185 GeV, MH+ = 160 GeV, MH0,A0 = 130 GeV, (16)
where MH++ is worked out from Mψ0 and ∆M by Eq. (9). They will also be used in our later collider
simulations in Sec V.
The decay branching ratios of H++, H+, H0, A0 are shown in Fig. 4 as a function of v∆. The
same plots were presented previously in Refs. [33, 34] for either smaller or larger masses. The decay
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FIG. 3. Decay branching ratios of H+ (upper panel), H0 (middle), and A0 (lower) as a function of v∆ in the positive
scenario, with MH++ = 400 GeV and ∆M = 10 GeV (left panel) and ∆M = 30 GeV (right).
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properties of H++ have changed significantly from the degenerate case. The cascade decay H++ →
H+W+∗ is dominant in a large region of parameters. For instance, H++ → H+W+∗ dominates in the
range 10−6 GeV ≤ v∆ ≤ 1 GeV (10−7 GeV ≤ v∆ ≤ 1 GeV) for ∆M = 10 GeV (∆M = 30 GeV),
while the like-sign dilepton and diboson decays are heavily suppressed compared to the degenerate case (see
Fig. 2). Actually, the like-sign dilepton decays can be safely ignored when v∆ > 10−5 GeV (10−7 GeV)
for ∆M = 10 GeV (30 GeV), thus in the majority of parameter space that we are interested in, the current
LHC bound onH++ can be easily avoided. The dominant regions forH+ → H0W+∗, A0W+∗ are similar
to those of H++.
For the neutral scalars, the relevant decay modes are H0 → bb¯, τ+τ−, cc¯, W+W−, ZZ, hh and
A0 → bb¯, τ+τ−, cc¯, Zh. (The branching ratios for H0 → hh and A0 → Zh are too small to show
properly in Fig. 4.) The invisible decay H0/A0 → νν¯ dominates in the small v∆ region, while the hadronic
decay H0/A0 → bb¯ dominates for a larger v∆. When v∆ > 10−4 GeV, BR(H0/A0 → τ+τ−) can reach
about 10%, which is a useful channel for probing neutral Higgs scalars as we will discuss in Sec. V C.
IV. LHC SIGNATURES IN THE POSITIVE SCENARIO
The main goal of this section and the next is to investigate the LHC signatures of type-II seesaw with a
nondegenerate spectrum. Since there are many possible final states resulting from cascade decays of scalars
and the decay patterns are also different for the positive and negative scenarios, we treat them separately.
Before going to the details, we briefly summarize our simulation procedures. We implement the model in the
Mathematica package FeynRules [65], whose output UFO [66] model file is taken by MadGraph5 [67]
to generate parton level events for relevant physical processes. Those events then pass through Pythia6
[68] to include the initial- and final-state radiation, fragmentation, and hadronization. Delphes3 [69] is
then used for detector simulation and MadAnalysis5 [70] for analysis. In our simulation, we choose
to work with the CTEQ6L1 parton distribution function (PDF) [71]. The tree-level total production cross
sections of scalars at 14 TeV LHC (LHC14) have been plotted previously as a function of scalar masses for
the H++H−−, H±±H∓ channels in Ref. [14] and for the H±±H∓, H±H0, H±A0, H0A0 channels in
Refs. [33, 34]. The interested reader should refer to those papers for details. 1
Some of the signal channels to be studied here were considered in previous papers [28, 31, 33], but most
of those analyses were based on theoretical estimation or parton level simulation and thus cannot be directly
compared with realistic experimental data. In contrast, we simulate the signal channels for both positive
1 In this work, we consider only the tree-level contributions. The QCD correction to H++H−− pair production was computed
in [72], with a K-factor of about 1.25, while the contribution from real photon annihilation tends to increase the production by
10%, resulting in an overall K-factor of 1.35 [14]. The H++H− associated production in principle gives a similar K-factor
' 1.25.
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FIG. 4. Decay branching ratios of H++ (upper panel), H+ (middle), H0 (lower right) and A0 (lower left) as a
function of v∆ in the negative scenario, with Mψ0 = 130 GeV and ∆M = 10 GeV (left panel) and ∆M = 30 GeV
(right). H0, A0 being the lightest, their branching ratios are independent of ∆M .
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and negative scenarios at the detector level and design specific cut criteria for each channel, and this will
be more powerful in signal prediction. In the following subsections we present our analysis for each signal
channel in the positive scenario, and devote the next section for the negative scenario. To facilitate lepton
and charge identification, the leptons here refer only to electrons and muons.
A. Signals for doubly-charged scalars
In the positive scenario, the doubly-charged scalars H±± are the lightest and decay directly into SM
particles. Therefore, their signatures are essentially analogous to the degenerate case, the most promising
signal being still the four-lepton channel:
pp→ H++H−− → `+`+ + `−`−. (17)
The branching ratios of the dilepton decays depend on the lepton flavor and neutrino mass hierarchy. They
can be easily worked out [14], and the numbers are shown in Table I. We observe the following relations,
BR(H±± → e±e±) > BR(H±± → µ±µ±) > BR(H±± → τ±τ±) for IH,
BR(H±± → τ±τ±) > BR(H±± → µ±µ±) BR(H±± → e±e±) for NH, (18)
which arise as a consequence of the mass hierarchy and mixing pattern [15, 16, 73]. The main irreducible
background for this signal channel is
ZZ → `+`− + `+`−, (19)
and reducible backgrounds are mainly from tt¯, Zbb¯, Ztt¯. We simulate the channel at 14 TeV LHC with an
integrated luminosity of 300 fb−1 (LHC14@300) and assume v∆ = 10−5 GeV, ∆M = 30 GeV. As we
mentioned in Sec. II, the latest ATLAS bound on MH±± can be relaxed to ∼ 400 GeV for a nondegenerate
spectrum, we thus choose the four values of MH±± = 400, 500, 600, 700 GeV for both NH and IH. To
perform more realistic simulation, we use the same selection criteria as in the ATLAS paper [56].
ee eµ eτ µµ µτ ττ
IH 48.7 0.498 0.602 14.6 24.5 11.1
NH 0.793 4.23 0.177 27.6 30.7 36.5
TABLE I. Dileptonic branching ratios (in percentage) of H±± to different flavors.
The distributions in the like-sign dilepton invariant mass M`±`± for the signal and background are plot-
ted in Fig. 5 for both NH (left panel) and IH (right) cases. We see that the distributions of signal and
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FIG. 5. Reconstruction of H±± via dilepton invariant mass M`±`± at LHC14@300 and for MH±± =
400, 500, 600, 700 GeV.
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FIG. 6. Same as Fig. 5 but upon imposing the cut (20).
background are well separated: compared with the signal, the background is mainly located in the small
M`±`± region. Moreover, the IH case has larger signal events, because H±± have larger branching ratios
to the electrons and muons (see Eq. (18)) which are counted as leptons in simulation. To further purify the
signal, we impose the cut
M`±`± > 300 GeV. (20)
In Fig. 6, we show the distributions of M`±`± in the range 300 − 800 GeV after imposing the cut. As
an illustration of details, Table II shows the evolution of survival numbers of events, statistical signifi-
cance S/
√
S +B, and signal to background ratio S/B upon imposing the cuts step by step for MH±± =
400 GeV. Here the first three cuts are just the ATLAS ones [56], while the final one is Eq. (20). One can
see that the backgrounds now become negligible. As a consequence, at LHC14@300, one has the potential
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to probe the doubly-charged scalars with a mass up to ∼ 600 GeV for NH and ∼ 700 GeV for IH.
cuts signal 2`±2`∓ ZZ S/
√
S +B S/B
IH NH IH NH IH NH
no cuts 468 136 29276 2.71 0.798 0.016 0.00467
pµT > 20GeV, p
e
T > 25GeV,∆R`` > 0.4 446 131 15921 3.49 1.03 0.0280 0.00820
M`±`± > 15GeV 446 131 15919 3.49 1.03 0.0280 0.00820
70 < Me±e± < 110GeV (Zveto) 446 131 10200 4.33 1.28 0.0438 0.0128
M`±`± > 300GeV 194 56.8 3.19 13.8 7.33 60.8 17.8
TABLE II. Survival numbers of four-lepton signal fromH++H−− withMH±± = 400 GeV and its main background
ZZ, statistical significance S/
√
S +B, and signal to background ratio S/B at LHC14@300.
B. Signals for singly-charged scalars
To illustrate our analysis for the production and detection of singly-charged scalars, we chooseMH±± =
400 GeV and ∆M = 30 GeV so that MH0,A0 = 458 GeV. In the positive scenario, H± cascade decays
into H±± via the radiation of an off-shell W∓. Here we consider the five-lepton signal coming from
H±±H∓ associated production 2:
pp→ H±±H∓ → H±± +H∓∓W±∗ → `±`± + `∓`∓ + `± ET , (21)
where the off-shell W±∗ decays leptonically. The main SM background is
ZZW± → `+`− + `+`− + `± ET . (22)
The simulation is performed at LHC14@300. We apply the same cuts as for the four-lepton signal. The
numbers of events before and after cut selections for both signal and backgrounds are listed in Table III.
Since BR(Z → `+`−) is only about 6%, the background ZZW± is already much smaller than the signal at
the pre-selection level. After imposing the cuts, we have 27.2 signal events for NH case, with a statistical
significance of 4.73. So for the NH case, a 430 GeV singly-charged scalar H± can be actually discovered
if we consider additional contributions from H±H0, H±A0, and H0A0 production. The IH case is even
better. According to our simulation, 104 signal events pass the selection cuts, with a statistical significance
of 9.92. Thus a 5σ significance discovery requires L = 76 fb−1 at LHC14.
2 The five-lepton signal can also originate from H±H0, H±A0 and H0A0 associated production [28], which can potentially
enhance the signal strength. We do not consider these additional channels for simplicity.
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Pre-selection Post-selection S/
√
S +B S/B
NH 40.5 27.2 4.73 4.63
IH 154 104 9.92 17.7
ZZW± 9.00 5.87 — —
TABLE III. Numbers of events and statistical significance S/
√
S +B, S/B before and after imposing cuts for
MH±± = 400 GeV, MH± = 430 GeV at LHC14@300.
The final states originating from H± decays include missing particles, and therefore we cannot fully
reconstruct its invariant mass. Since the leptons coming directly from H±± decays are generically much
more energetic than those from off-shellW decays, we can employ this feature to design a kinematical vari-
able. Consider the cluster formed by a like-sign dilepton (`±`±) and the least energetic lepton of opposite
charge (`∓3 ) and define the cluster transverse mass,
M
`±`±`∓3
C =
√(√
p2
T,`±`±`∓3
+M2
`±`±`∓3
+ ET
)2 − (~pT,`±`±`∓3 + ~ ET)2, (23)
where ~pT,`±`±`∓3 , M`±`±`∓3 are respectively the transverse momentum and invariant mass of the `
±`±`∓3
cluster. [Similar notations will be used below.] The peak structure of this variable then indicates the mass
of H±, as can be clearly seen in its distribution in Fig. 7 for both IH and NH cases.
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C. Signals for neutral scalars
Now we consider the heaviest particles in the positive scenario, the neutral scalars H0, A0. The previ-
ous literature has discussed possible like-sign four-lepton signals from associated production involving the
neutral scalars (H±H0, H±A0 and H0A0) which cascade decay into like-sign doubly-charged scalar pair
H±±H±± plus far off-shell W ∗, with H±±s being detected in their dilepton channel [28–30]. However, to
gain sizable signal events, the mass splitting has to be limited in ∆M ∼ 1 − 4 GeV [30]. Such a splitting
may be too small to be directly detectable at a hadron collider, and this signal channel may only be consid-
ered as indirect evidence for neutral scalars. In this work, we consider a more promising channel, i.e., the
LNV signal:
pp→ H±ψ0 → H±±W∓∗ +W±∗W±∗H∓∓ → `±`±jj + `∗±`∗± ET `∓`∓, (24)
where ψ0 = H0, A0, and `∗± denotes leptons from off-shell W decays, and the two jets in the final state
are too soft to be detected.
We emphasize that the above signal channel has distinct features compared with previous studies. For
instance, Refs. [30, 31] focused on another LNV channel:
pp→ H±ψ0 → H±±W∓∗ +W∓∗W∓∗H±± → `±`±jj + `∗∓`∗∓ ET `±`±. (25)
They also noted that due to significant interference between H0 and A0 for MH0 ' MA0 , the usual zero
width approximation does not apply. The two channels can be labeled by the final leptons from the H±±
decay plus off-shell W ∗s, with the cross sections being
σ(2`±2`∓ + 2W ∗±W ∗∓) = σ(pp→ H±ψ0, ψ0 → H∓W±∗)BR2cas.,
σ(4`± + 3W ∗∓) = σ(pp→ H±ψ0, ψ0 → H±W∓∗)BR2cas., (26)
where BRcas. = BR(H± → H±±W ∗∓)BR(H±± → `±i `±j ). One sees that the only difference between
the two channels is the cross section σ(pp → H±ψ0, ψ0 → H∓W±∗) versus σ(pp → H±ψ0, ψ0 →
H±W∓∗). Following the generalized narrow width approximation introduced in Refs. [74], we have calcu-
lated the above cross sections including the interference effect, with the result:
σ(2`±2`∓ + 2W ∗±W ∗∓) = σ(pp→ H±ψ0)
[
BRH0 + BRA0 + 2
(
BR2H0 + BR
2
A0
BRH0 + BRA0
)]
BR2cas.,
σ(4`± + 3W ∗∓) = σ(pp→ H±ψ0)
[
BRH0 + BRA0 − 2
(
BR2H0 + BR
2
A0
BRH0 + BRA0
)]
BR2cas., (27)
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where BRH0/A0 = BR(H0/A0 → H±W ∗∓). For rigorously degenerate masses and widths, MH0 = MA0
and BRH0 = BRA0 , Eq. (27) reduces to
σ(2`±2`∓ + 2W ∗±W ∗∓) = 2σ(pp→ H±ψ0) · 2BRH0/A0 · BR2cas.,
σ(4`± + 3W ∗∓) = 0. (28)
Therefore, upon taking into account the interference effect between the intermediate H0 and A0 states,
our signal in Eq. (24) is enhanced by approximately a factor of two while the signal in Eq. (25) tends to
disappear. We have confirmed this effect by Madgraph simulation, and the vanishing result for the process
(25) is also consistent with the statements in Refs. [30, 31].
Our signal violates lepton number by two units and thus has no irreducible SM background, but its cross
section is also relatively small. For LHC14@300, there are only 11.4 signal events for NH and 38.0 for
IH. We therefore do not apply any cuts to it. We combine the like-sign dilepton and the two least energetic
leptons of opposite charge into a cluster and define the cluster transverse mass:
M
`±`±`∓3 `
∓
4
C =
√(√
p2
T,`±`±`∓3 `
∓
4
+M2
`±`±`∓3 `
∓
4
+ ET
)2 − (~pT,`±`±`∓3 `∓4 + ~ ET)2. (29)
Its distribution plotted in Fig. 8 can be employed to partially reconstruct the neutral scalars at MH0/A0 =
458 GeV.
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V. LHC SIGNATURES IN THE NEGATIVE SCENARIO
In the negative scenario, MH±± > MH± > MH0,A0 , the more charged scalars can dominantly cascade
decay into less charged ones with the radiation of an off-shellW± boson in a significant portion of parameter
20
space. This makes collider search strategies of the scalars very different from the degenerate case, and a
systematic study is still lacking in the literature. In this section we shall investigate the issue and when
possible compare our results with those in the literature. For illustration, we assume, unless otherwise
stated, MH0,A0 = 130 GeV, ∆M = 30 GeV, so that our benchmark point for the scalar masses is
MH±± = 185 GeV, MH± = 160 GeV, MH0,A0 = 130 GeV. (30)
A. Signals for doubly-charged scalars
The doubly-charged scalars are the heaviest in the negative scenario, and some signal channels for
their cascade decays have been briefly discussed in Refs. [33, 64]. Considering that the cross section for
the pair production (σH++H−− ∼ 98.5 fb at LHC14) is smaller than that for the associated production
(σH±±H∓ ∼ 223 fb), we concentrate on the latter with ψ0 → bb¯ 3:
pp→ H±±H∓ →W±∗W±∗ψ0 + ψ0W∓∗ → `±`± ET bb¯+ bb¯jj. (31)
In this signal, the like-sign W±∗ pair decays leptonically while the other oppositely charged W∓∗ decays
hadronically. Since the jets from the latter are very soft and difficult to detect at LHC, the visible final states
appear as `±`± ET bb¯+ bb¯. The like-sign dilepton will make the channel suffer from less backgrounds.
We start with some basic cuts:
p`T > 10 GeV, |η`| < 2.5,
pjT > 20 GeV, |ηj | < 2.5,  ET > 30GeV,
∆R`` > 0.4, ∆Rjj > 0.4, ∆Rj` > 0.4. (32)
The leading irreducible background is
tt¯W± →W+bW−b¯W± → `±`± ET bb¯jj, (33)
while other backgrounds like W±W±jjjj, tb¯ are much smaller [14]. To keep the signal rate as much as
possible, we do not apply b-tagging; instead, we impose the event selection N`± = 2 to pick up events with
exactly a like-sign lepton pair. Furthermore, since both leptons are from off-shell W s, we apply a veto cut
on the largest transverse momentum of the lepton pair, p`1T < 30 GeV.
Figure 9 displays the distributions of particle separations ∆R``, j` after imposing above cuts on both
signal and tt¯W± background. It is evident that the leptons and jets from the tt¯W± background are more
3 This signal can also be produced in the H++H−− pair production. A rough estimation based on the ratio of cross sections
shows that it enhances the signal events by a factor 1.5.
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isolated than those from the signal. We can thus further purify the signal by demanding
∆R`±`± < 2.0, ∆Rj` < 2.0. (34)
We list in Table IV the survival numbers of events, statistical significance, and signal to background ratio
upon imposing the cuts. We see that all the cuts chosen here, especially those on p`1T and ∆R, are efficient
enough. The statistical significance can reach 4, and we have about 16.5 signal events at LHC14@300.
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FIG. 9. Distributions of particle separations ∆R`` (left panel) and ∆Rj` (right) after imposing the cuts N`± = 2,
p`1T < 30 GeV, and Eq. (32), at LHC14.
Cuts H±±H∓ tt¯W± S/
√
S +B S/B
Basic Cuts 549 3682 8.45 0.1463
N`± = 2 70.4 1588 1.73 0.0444
p`1T < 30 GeV 50.0 63.8 4.69 0.785
∆R`±`± < 2.0 40.2 23.6 5.04 1.71
∆Rj` < 2.0 16.5 1.35 3.91 12.2
TABLE IV. Survival numbers of signal `±`± ET jjjj and background, statistical significance S/
√
S +B, and signal
to background ratio S/B upon imposing each cut sequentially at LHC14@300.
All new scalars appear in this signal channel. The neutral ones H0, A0 decay with no missing particles
and can be fully reconstructed by using the two b-jet invariant mass Mjj . The charged scalars H±±, H±
decay with missing energy and can be partially reconstructed with the help of the cluster transverse mass:
M jj``C =
√(√
p2T,jj`` +M
2
jj`` + ET
)2 − (~pT,jj`` + ~ ET)2. (35)
The distributions of these two variables are plotted in Fig. 10. One can see the peaks atMH0,A0 = 130 GeV
and MH±± = 185 GeV respectively, although the numbers of events are limited.
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Here we would like to comment on some similarities and differences between cascade decay signal from
H±±H∓ in our study and like-sign diboson signal from H++H−− in previous studies [13, 14]. First, if
we do not use b-tagging, the signals are the same `±`± ET jjjj for both cases. But in practice, the jets are
quite different. In the cascade decay, all four jets are b-jets, which come from decays of the neutral scalars
H0, A0, while in the diboson case, all four jets are light ones from decays of like-sign W±∗s. The invariant
mass Mjj can be used to distinguish between these two signals, since MH0/A0 is usually heavier than W±.
Also considered in Ref. [14] are the contributions from gauge decays of H±±H∓, which could produce
signal `±`± ET bb¯jj. So according to the number of b-jets, the original sources of the jets system can be
clearly distinguished from each other once b-tagging is applied.
Next, we look more closely into the like-sign dilepton signal. We note that the like-sign dilepton from
cascade decays of H±± in our study is similar to that from leptonic decays of like-sign di-W in the pair
production of H±± but with a lower mass [13]:
cascade decay: pp→ H±±H∓ → H±W±∗ + ψ0W∓∗ → `±`± ET jj + jj(jj), (36)
diboson decay: pp→ H±±H∓∓ →W±W±∗ +W∓W∓∗ → `±`± ET jjjj. (37)
Again, (jj) in Eq.(36) denotes undetectable soft jets. For a comparative study, we use the masses as shown
in Eq. (30) for our cascade decay channel, while in the diboson channel a lower mass MH±± = 90 GeV
(case A) or MH±± = 150 GeV (case B) is assumed as in Ref. [13]. The distributions of some kinematical
variables with no cuts are depicted in Fig. 11.
We note some features in the distributions. First, the leading lepton transverse momentum p`1T is quite
different in the three cases. In the diboson decay, a heavier MH±± usually implies a larger p
`1
T , while p
`1
T
from cascade decay is generally much softer. For the next-to-leading lepton transverse momentum p`2T , the
cascade decay and diboson decay in case A are similar. Second, the distributions of ∆R`` are similar in
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FIG. 11. Distributions of p`1,`2T , ∆R``,j`,  ET and M`` in cascade decay H
±± → H±W±∗ and like-sign diboson
decay H±± →W±W±∗ in the signal event `±`± ET jjjj at LHC14.
all three cases, but the distributions of ∆Rj` can be very different. This difference arises mainly because
in cascade decay the dilepton and two of four jets are from one single H±± and the other two jets from
ψ0, resulting in a ∆Rj` with two distinct peaks, while the dilepton and jets in diboson decay come from
different H±±s and are thus more isolated with a single peak in ∆Rj`. Third, the distributions in missing
transverse momentum  ET are almost the same in cascade decay and diboson decay (case A). Finally, the
distributions of dilepton invariant mass M`` are also distinguishable, with a peak around 20, 30, 70 GeV
in cascade decay, case A and B, respectively. To summarize in a word, the distributions of p`1T , ∆Rj`, and
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M`` can be used to distinguish among these three cases of signals.
B. Signals for singly-charged scalars
The LHC physics of the singly-charged scalars H± in type-II seesaw has been studied in many previous
papers but only for the degenerate case, see, e.g., Refs. [14, 17, 18]. In this subsection, we carry out a
detailed study for the nondegenerate case in the negative scenario. As one can see in Fig. 3, the cascade
decay H± → ψ0W±∗ (ψ0 = H0, A0) dominates in a wide interval of the triplet vev, 10−6 GeV < v∆ <
1 GeV. For v∆ . 10−3 GeV, ψ0 decays to νν; more interesting is the case v∆ & 10−3 GeV, when
A0 decays mainly to bb¯, τ+τ−, and H0 to bb¯, τ+τ−, W+W−. We therefore consider first the following
channel 4:
pp→ H±ψ0 →W±∗ψ0ψ0 → `± ET + bb¯bb¯. (38)
Since the charged lepton and neutrino come from an off-shell W , their energies are relatively smaller than
those from an on-shell W in the SM background. This feature can be utilized to improve the signal to
background ratio efficiently.
The main SM backgrounds we considered are:
tt¯ →W+bW−b¯→ `± ET + bb¯jj, (39)
tt¯bb¯ →W+bW−b¯bb¯→ `± ET + bb¯bb¯+ jj/`∓, (40)
W±bb¯bb¯→ `± ET + bb¯bb¯, (41)
where the first two are reducible and the last one is irreducible background. For the tt¯ background, we only
have to consider the semi-leptonic decay channel with the two light jets mis-tagged as b-jets. For tt¯bb¯, both
semi-leptonic and di-leptonic decays of tt¯ are involved. In the di-leptonic decay channel, we require that
one of the charged leptons escape detection. The identification efficiencies for e and µ are taken to be 0.9
and 0.95 respectively, and L = 30 fb−1 is assumed at 14 TeV LHC (LHC14@30).
To isolate the signal, we employ the following basic cuts:
p`T > 10 GeV, |η`| < 2.5,
pjT > 20 GeV, |ηj | < 2.5,
∆R`` > 0.4, ∆Rj` > 0.4, ∆Rjj > 0.4. (42)
4 We notice that the same `±ET bb¯bb¯ signal could also appear in MSSM via the H±H0/A0 associated production [75]:
pp→ H±H0/A0 → tb¯/t¯b + bb¯→W±bb¯bb¯→ `±ET bb¯bb¯,
where in this case MH± is heavier than the top quark. Besides different thresholds of H
±, the decay modes of H± can also
be used to distinguish between the two scenarios. One distinct feature is that the W bosons in our cascade decays are always
off-shell while those in MSSM from top decays are on-shell. Another one concerns the separation of the two b-jets in H±
decays. In cascade decays, the b-jets originate from H0/A0 decays, while in MSSM one comes directly from H± and the other
from tops, resulting in generally more separated two b-jets than in cascade decays.
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Cuts H±ψ0 tt¯ tt¯bb¯ W±bb¯bb¯ S/
√
S +B S/B
Basic Cuts 567 2039202 162410 1295 0.373 0.000256
Nb = 4, Nj = 0, Nl = 1 22.2 317 218 3.45 0.940 0.0412
p`T < 30 GeV 18.4 69.6 53.7 0.488 1.54 0.148
 ET < 30 GeV 10.6 5.53 3.80 0.0916 2.37 1.13
M `T < 30 GeV 9.00 1.63 1.98 0.0305 2.53 2.47
∆Rb` < 2.0 8.94 1.30 1.32 0.0305 2.63 3.37
TABLE V. Survival numbers of events, statistical significance S/
√
S +B and signal to background ratio S/B after
imposing each cut sequentially at LHC14@30.
We found that for MH± −Mψ0 = 30 GeV, the efficiency of basic cuts for a signal lepton is about 0.77. To
further purify the signal, we first apply the event selection:
Nb = 4, Nj = 0, N` = 1, (43)
which means that we only choose the events which exactly contain four b-jets and one charged lepton. We
found that better b-tagging efficiency could potentially suppress the leading background coming from the tt¯
channel. The next to leading background is tt¯bb¯ channel, while the events fromW±bb¯bb¯ are already smaller
than the signal.
To suppress further the background, we employ several kinematical cuts that are largely designed on
the off-shell nature of the W in the signal versus the on-shell nature in the background. The various dis-
tributions are displayed in Fig.12 after imposing the basic cuts. The transverse momentum p`T of leptons
in all backgrounds has a peak at about 30 ∼ 40 GeV, while p`T in the signal is much softer. The distri-
butions of the missing transverse energy  ET share a similar feature. The off-shell or on-shell origin of
leptons and neutrinos can be directly probed in the lepton transverse mass M `T distribution. Since the mass
splitting between H± and H0/A0 is 30 GeV, most signal events have M `T < 30 GeV. In contrast, the
background events have a clear edge around M `T ∼ 80 GeV and only a small number of them falls in the
region M `T < 30 GeV. Finally, the distribution in ∆Rb` has two peaks for the signal, one around 0.9 and
the other around 3. The smaller one most likely corresponds to the case when both particles are from the
same cascade decayH± →W±∗ψ0 → `±νbb¯, while the larger one has the b-jet more likely from the decay
of the directly produced ψ0. The separation in the background is usually large and has a peak at 3. These
differences can be used to distinguish between the signal and backgrounds, through the following cuts:
p`T < 30 GeV,  ET < 30 GeV, M
`
T < 30 GeV, ∆Rb` < 2.0. (44)
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FIG. 12. Distribution of p`T , ET , M
l
T , and ∆Rb` after imposing basic cuts for signal `
± ET bb¯bb¯ and its backgrounds.
Table V shows the survival numbers of events for the signal `± ET bb¯bb¯ and backgrounds after the basic
cuts and further sequential cuts, together with S/
√
S +B and S/B. The cuts are efficient enough in
preserving the signal while suppressing the background. At LHC14@30, about 9 signal events survive
with a statistical significance of 2.63 and a signal to background ratio of 3.37. Then for a 5σ reach, the
required luminosity is 109 fb−1. As shown in Fig. 13, the mass of H0/A0 can be fully reconstructed using
the invariant mass of the two b-jets in the H0A0 production. Since H0 and A0 are degenerate to good
precision, we see effectively one peak at 130 GeV in the distribution of Mbb. To reconstruct the mass of
H±, we still use the cluster transverse mass:
M bb`C =
√(√
p2T,bb` +M
2
bb` + ET
)2 − (~pT,bb` + ~ ET)2, (45)
whose distribution is shown on the right panel of Fig. 13.
For the associated H±ψ0 production, we consider the second channel:
pp→ H±ψ0 →W±∗ψ0ψ0 → `± ET + bb¯τ+τ−. (46)
This process has a much smaller rate than the previous one in Eq. (38), but its background is also tiny. We
thus use LHC14@300 as an illustration. The b/τ -tagging efficiency and mis-tagging rate are assumed to be
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FIG. 13. Distributions of Mbb and M bb`C for `
± ET bb¯bb¯ signal channel at LHC14@30.
the same as in our previous analysis. The main backgrounds are:
tt¯τ+τ− →W+bW−b¯τ+τ− → `± ET + bb¯τ+τ− + jj/`∓, (47)
tt¯W± →W+bW−b¯W± → `± ET + bb¯τ+τ−, (48)
W±bb¯τ+τ−→ `± ET + bb¯τ+τ−. (49)
For the tt¯τ+τ− background, we consider both semi-leptonic and di-leptonic decays of tt¯. One of the
charged leptons in the di-leptonic channel is required to escape detection, while the additional two light jets
in the semi-leptonic channel receive no further constraints. The two irreducible backgrounds tt¯W± and
W±bb¯τ+τ− are also taken into account in our study. As in our previous analysis, we start from basic cuts.
We apply the same basic cuts as in Eqn. (42) for the signal channel `± ET bb¯bb¯. The evolution of the event
numbers and S/
√
S +B and S/B upon each cut is summarized in Table VI. At the level of the basic cuts,
the main background comes from tt¯τ+τ−, while the two irreducible backgrounds are already smaller than
the signal.
Cuts H±ψ0 tt¯τ+τ− tt¯W± W±bb¯τ+τ− S/
√
S +B S/B
Basic Cuts 1905 9935 356 305 16.28 0.171
Nb = 2, Nτ = 2, N` = 1 62.8 76.1 8.22 3.36 5.12 0.717
110 GeV< Mbb <150 GeV 39.7 14.3 1.53 0.300 5.31 2.46
∆Rbb < 2.0 27.7 5.85 0.450 0.0900 4.74 4.30
TABLE VI. Survival numbers of signal `± ET bb¯τ+τ− and its backgrounds, statistical significance S/
√
S +B, and
signal to backgrounds ratio S/B after imposing each cut sequentially at LHC14@300.
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We then apply the event cuts:
Nb = 2, Nτ = 2, N` = 1, (50)
to select the signal `± ET bb¯τ+τ−. The numbers of signal and background events are now of the same order.
In contrast to our previous signal channel `± ET bb¯bb¯, we see that requiring two τ -jets from four jets final
states are very useful to remove the backgrounds. When comparing to the signal channel bb¯τ+τ− in the
H0A0 production, the additional charged lepton is also very helpful to suppress the backgrounds. Except
for a smaller production rate, the signal `± ET bb¯τ+τ− is the cleanest among what we have investigated.
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FIG. 14. Distributions of Mbb and Mττ for `± ET bb¯τ+τ− signal after imposing cuts in Eq. (50) at LHC14@300.
In Fig. 14 we show the distributions of invariant masses Mbb and Mττ after implementing the cuts
(50). There is a clear peak at 130 GeV for the signal in the Mbb distribution, which can be employed to
reconstruct the neutral scalars H0/A0. But the Mττ distribution is not distinctive enough. There are two
reasons for this difference. First, the τ pair in the background mainly comes from the on-shell Z decay,
whose mass is close to that of the neutral scalars; second, the peak of Mττ is shifted to the low mass region
compared with the original value since we do not renormalize the momentum of the τ jets. To reconstruct
the charged scalar, we need implement more cuts. We first narrow down to a window of Mbb:
110 GeV < Mbb < 150 GeV. (51)
Next we concentrate on the off-shell W boson again. In Fig. 15, the distributions in p`T ,  ET and M
`
T are
plotted. They are changed significantly from those of the previous signal `± ET bb¯bb¯. The leptonic decays
of the τ lepton contribute to the final state leptons `. These fake leptons have a much harder transverse
momentum p`T , and behave just like the backgrounds when p
`
T > 20 GeV. The missing transverse momen-
tum ET is also much larger, since additional (anti-)neutrinos carry away part of the energy in the hadronic
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decays of the τ leptons. This also alters the distribution of the lepton’s transverse mass M `T . Even worse is
that the distribution of ET happens to be similar to that for the largest tt¯τ+τ− background. Therefore, the
cuts applied on the off-shell W±∗ would not be very effective.
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FIG. 15. Distributions of p`T , ET , M
`
T , and ∆Rbb in signal `
± ET bb¯τ+τ− at LHC14.
Also shown in Fig. 15 is the distribution in separation ∆Rbb. The two b-jets in the signal come from the
decay of one heavy neutral scalar while those in the background originate from the decays of tt¯ respectively.
This results in a smaller ∆Rbb for the signal than for the background. So we apply one more cut:
∆Rbb < 2.0. (52)
After all the cuts, we still have about 28 signal events and 6 background events, with a statistical significance
around 4.7 and a signal to background ratio 4.3. This signature is therefore also promising at LHC14@300.
Theoretically, the mass of H± could be reconstructed using some transverse variables of the bb` or ττ`
system. But since  ET has additional contributions from hadronic τ decays, the bb` system is not useful
here. We therefore employ the cluster transverse mass for the ττ` system:
M ττ`C =
√(√
p2T,ττ` +M
2
ττ` + ET
)2 − (~pT,ττ` + ~ ET)2, (53)
whose distribution shown in Fig. 16 displays a clear peak albeit with a small number of events.
30
(GeV)  lττCM
0 50 100 150 200 250 300
 
)
-
1
 
l c
om
bi
na
tio
ns
  (1
4T
eV
 L
 = 
30
0.0
 fb
ττ
N
. o
f 
0
0.2
0.4
0.6
0.8
1
0Ψ±H
-τ+τtt
±Wtt
-τ+τbb±W
FIG. 16. Distributions of Mττ`C for `
± ET bb¯τ+τ− signal channel at LHC14@300.
Finally, we would like to discuss briefly some other interesting signals in associated H±ψ0 production.
As is well known, the CP-even H0 can decay into W+W−, while the CP-odd A0 cannot. The off-shell
W±∗ from cascade H± decays must have the same charge as one of the two W s from H0. The leptonic
decays of these two like-sign W s result in the like-sign dilepton processes:
pp→ H±H0 →W±∗ψ0W+W− → `±`± ET bb¯jj, (54)
pp→ H±A0 →W±∗H0A0 →W±∗W+W−bb¯→ `±`± ET bb¯jj. (55)
From Fig. 4 we read off BR(H0 →W+W−) ≈ 0.3, thus the theoretical cross section for this signal is about
1.2 fb from H±H0 and 0.6 fb from H±A0. The signals from H±H0 resemble very much the background
tt¯W± since the like-sign W s are usually well separated. The signals from H±A0 can be different from the
background tt¯W±, but it is negligible compared to the same signals from H±±H∓(5 fb) that we discussed
in Sec. V A. If there are two H0s, they can both decay into W+W−, inducing a like-sign trilepton signal,
pp→ H±H0 →W±∗H0H0 →W±∗W+W−W+W− → `±`±`± ET jjjj. (56)
Although this signal is very distinct and background free, its production cross section is too tiny (0.037 fb)
to be feasible.
C. Signals for neutral scalars
The Higgs pair production is an important process in SM as it can be used to probe the electroweak
symmetry breaking sector. The dominant production mechanism at a hadron collider is through gluon
fusion [76–79]. At LHC14, its cross section is about 18 fb at leading order, and is enhanced to about
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33 fb by the next-to-leading-order QCD corrections [78]. Recently, the next-to-next-to-leading-order QCD
corrections are available, resulting in a further increase of the cross section to about 40 fb [80]. We refer to
Refs. [81, 82] for a more detailed discussion on the theoretical status of Higgs couplings at LHC. Physics
beyond SM could alter Higgs pair production dramatically. The neutral Higgs pair production has been
investigated in a variety of models including, for instance, MSSM [77], NMSSM [83, 84], 2HDM [85–88],
extended colored scalars [85, 89, 90], extended colored fermions [85, 91, 92], Little Higgs [93], Higgs
portal [94, 95] and composite Higgs models [96, 97]. There are also model independent approaches based
on effective operators [98–100]. All these studies concentrate on the gluon fusion mechanism, since it is
the dominant contribution.
The H0A0 associated production via the Drell-Yan process through an s-channel exchange of the Z
boson has received less attention in previous studies due to several reasons. The single production of
neutral scalars proceeds through gluon fusion and thus dominates in a large portion of parameter space. The
associated production of neutral scalars through a Z boson exchange is much smaller than the gluon fusion
channel in most models that we mentioned. And the charged scalars usually have more distinct features
that may help to detect them at a collider. The circumstance could be modified significantly in the negative
scenario of type II seesaw. Since the triplet vev v∆ is constrained by the ρ parameter to be small, the
mixing between the doublet and triplet scalars and thus the couplings of H0/A0 to quarks are suppressed.
As a consequence, the single and pair or associated production of the neutral heavy scalars through gluon
fusion is also suppressed [101]. Since in the negative scenario more charged scalars are heavier than less
charged ones, this makes associated production of neutral scalars comparable to those involving charged
scalars. The matter becomes even more interesting when all neutral scalars are nearly degenerate, i.e.,
MH0 ≈ MA0 ≈ Mh. We therefore have chosen MH0,A0 = 130 GeV in Eq. (30) as our benchmark point,
and in addition we shall assume v∆ = 10−2 GeV. The cross section for the associated H0A0 production
through the Z boson at LHC14 is 350 fb at leading order, which is about 10 times as large as the SM Higgs
pair production.
Some recent studies [81, 102–106] have demonstrated the potential of Higgs pair production in the signal
channels bb¯γγ, bb¯W+W−, bb¯τ+τ−, and bb¯bb¯. With L = 3000 fb−1 at LHC14, the trilinear coupling of
the Higgs bosons could be measured at an accuracy of ∼ 40% [107]. With a much higher production cross
section, we have carried out the simulation of H0A0 production at LHC14@300. To illustrate the potential,
we shall consider the channel 5:
pp→ Z∗ → H0A0 → bb¯τ+τ−. (57)
5 A systematic analysis on probing associated production of neutral scalars at LHC will be presented elsewhere [108].
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Signals like bb¯γγ, bb¯W+W− are also interesting, and will be studied in the future. An important part of
this analysis depends on the ability to reconstruct the b pair and τ pair. In our simulation, the b-tagging
efficiency is assumed to be 0.7, and the misidentification rate of a c- and light-jet as a b-jet is taken to be
0.1 and 0.01 respectively. We consider hadronic decays of τ for its tagging, and assume an efficiency of 0.8
with a negligible fake rate.
The main SM backgrounds are:
pp→ bb¯Z/γ∗/h→ bb¯τ+τ−, (58)
pp→ bb¯W+W− → bb¯τ+νττ−ν¯τ , (59)
pp→ Zh→ bb¯τ+τ−. (60)
The irreducible background comes from bb¯τ+τ−, where the τ -pair originates from the decay of Z/γ∗/h.
Since the hadronic decays of τ always have neutrinos, we also include the background bb¯W+W−, which
contributes to the bb¯τ+νττ−ν¯τ final state. The bb¯W+W− background dominantly stems from the tt¯ pro-
duction with subsequent decays t→ bW and W → τντ . In our simulation, we also include the associated
Zh production with subsequent decays h→ bb¯ and Z → τ+τ− or vice versa.
Cuts H0A0 bb¯τ+τ− bb¯W+W− Zh S/
√
S +B S/B
Basic Cuts 6797 1529101 952937 2617 4.31 0.00274
Nb = 2, Nτ = 2 297 20058 34959 102 1.26 0.00539
∆Rbb < 2.0,∆Rττ < 2.0,∆Rbτ > 1.5 147 2285 3088 35.4 1.97 0.0272
pb1T > 80 GeV, p
b2
T > 40 GeV 108 537 763 21.3 2.86 0.0817
pτ1T > 70 GeV, p
τ2
T > 30 GeV 68.5 221 93.7 11.4 3.45 0.210
HT > 250 GeV 44.0 103 30.3 5.82 3.25 0.317
95 GeV< Mττ < 135 GeV 16.0 7.94 7.42 0.426 2.84 1.02
110 GeV< Mbb < 150 GeV 12.41 2.65 2.86 0.284 2.91 2.14
TABLE VII. Survival numbers of signal bb¯τ+τ− and its backgrounds, statistical significance S/
√
S +B, and signal
to background ratio S/B after imposing each cut sequentially at LHC14@300.
We first employ some basic cuts for the selection of events:
pjT > 20 GeV, ∆Rjj > 0.4, |ηj | < 2.5. (61)
Here the jets include both b- and τ -jets. The numbers of the signal and background events after imposing
the cuts are summarized in Table VII. The last two columns in the table show the statistical significance
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S/
√
S +B and the signal to background ratio S/B. Then we apply the cut:
Nb = 2, Nτ = 2, (62)
so that all four jets are tagged in this channel. At this stage, the background is about 200 times larger
than the signal, since both bb¯τ+τ− and bb¯W+W− receive large QCD contributions although the fully
electroweak Zh background is about 1/3 of the signal. To further suppress the background, we shall
apply several kinematical cuts. In Fig. 17 we show the distributions in the eight kinematical variables:
the separations ∆Rbb,ττ,bτ , the total hadronic transverse momentum HT , the leading (next-to-leading) b-jet
transverse momentum pb1(b2)T , and the leading (next-to-leading) τ -jet transverse momentum p
τ1(τ2)
T .
Because the two signal b-jets come from decays of heavy neutral scalars, their separation ∆Rbb is usually
small with a clear peak around 1.4. In contrast, the two b-jets in the bb¯τ+τ− and bb¯W+W− background
respectively are mainly from the gluon fusion and the tt¯ decays, and thus tend to be separated. The same
features are shared by the separation ∆Rττ for the signal and the bb¯τ+τ− and bb¯W+W− background. For
the Zh background, the separations ∆Rbb and ∆Rττ have a relatively large peak coverage from 1.5 to 3.
Since the b- and τ -jets in the bb¯W+W− background both come from t/t¯, their separation ∆Rbτ has more
chances to be smaller than from other sources, as is seen in Fig. 17. These differences between the signal
and backgrounds suggest the following comprehensive cuts:
∆Rbb < 2.0, ∆Rττ < 2.0, ∆Rbτ > 1.5. (63)
The distributions in the transverse momentum pjT of various jets also provide useful information. First,
both pb1T and p
b2
T in bb¯τ
+τ− background are usually much softer, and the leading b-jet transverse momentum
pb1T in the other two backgrounds is also small compared to the signal. Second, the τ -jets in theH
0A0 signal
are harder than in the backgrounds, since they come from the decays of heavier neutral scalars. We thus
apply the following cuts on the transverse momentum of various jets:
pb1T > 80 GeV, p
b2
T > 40 GeV, p
τ1
T > 70 GeV, p
τ2
T > 30 GeV. (64)
Since (anti-)neutrinos carry away part of energy in the hadronic decays of τ , the τ -jets in the final states
will be softer than the b-jets. Therefore, the pT cuts applied on the τ -jets are 10 GeV smaller than on the
b-jets. Till this point, the QCD backgrounds are still about five times larger than the signal. Since the total
hadronic transverse momentum HT in the signal is usually larger than in the background, we further apply
the cut:
HT > 250 GeV. (65)
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FIG. 17. Distributions of various separations ∆Rbb,ττ,bτ and transverse momenta HT , pb1T , p
b2
T , p
τ1
T , p
τ2
T after
imposing basic cuts. See text for notations.
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FIG. 18. Distributions of invariant masses in signal bb¯τ+τ− at LHC14@300. Left panel: Mττ before cut (66); right
panel: Mbb after cut (66).
After this cut, the survival bb¯W+W− events become smaller than the signal, while the bb¯τ+τ− background
is still more than twice as large as the signal.
Now we consider to utilize the invariant mass distributions to further suppress the background. The left
panel of Fig. 18 shows the invariant mass Mττ of the τ pair. The bb¯τ+τ− background has a peak around
Mττ = 70 GeV, which is the shifted peak of the Z boson pole at MZ = 90 GeV, and also has a sharp edge
at MZ . In contrast, Mττ in the signal has a much fatter peak. We therefore impose a cut on Mττ :
95 GeV < Mττ < 135 GeV. (66)
This cut turns out to be very efficient. The reason that we apply a cut onMττ first is due to the fact thatMττ
is not only fatter than Mbb but also shifted from the original value of MH0/A0 according to our analysis.
In the right panel of Fig. 18, we show the invariant mass of the bb pair. A sharp peak around 130 GeV is
evident, so that the mass of H0/A0 can be reconstructed in this channel, although the CP nature of these
scalars remains to be discerned. We then select the mass window of Mbb:
110 GeV < Mbb < 150 GeV. (67)
After all these cuts, about 12 signal events survive at LHC14@300, with a statistical significance of 2.91 and
a signal to background ratio of 2.14. So this channel is expected to be discovered with higher luminosity.
VI. DISCUSSIONS AND CONCLUSIONS
The new scalars in type-II seesaw are generically nondegenerate, when cascade decays between scalars
proceed with the radiation of a W boson. This can modify significantly their signatures at LHC even if the
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mass splitting is not large so that the radiated W boson is far off-shell. In this work, we have presented
a systematic and comprehensive analysis on this issue, by simulating all potentially interesting signals to
the detector level and elaborately designing specific cuts to purify the signals. Our results may serve as a
reference that encourages more detailed simulations by experimental collaborations.
The positive scenario with doubly-charged scalars being the lightest is stringently constrained by LHC
limits, and the scalars must be heavier than about 400 GeV. In contrast, the negative scenario is less
restricted by current experiments. A much lighter spectrum is allowed in this case, and in particular, the
new neutral scalars can be nearly degenerate with the standard model Higgs boson. This makes it very
appealing from the point of view of collider phenomenology.
Our main results are summarized as follows. In the positive scenario, the four-lepton signal is still
the most promising channel to discover H±±. At LHC14@300, we can potentially probe up to a mass
MH±± ∼ 600 GeV for NH and MH±± ∼ 700 GeV for IH. The five-lepton signal is crucial to deter-
mine the spectrum of triplet scalars; for instance, a 5σ significance can be reached with L = 76 fb−1 at
MH±± = 400 GeV, MH± = 430 GeV for IH. The LNV signal from cascade decays of neutral scalars
H0/A0 is heavily affected by their mass difference ∆MH0/A0 and total decay widths ΓH0/A0 due to the
significant interference between them. For degenerate H0 and A0, our signal receives an enhancement fac-
tor of two while the like-sign four-lepton signal considered in the previous literature tends to diminish. But
its discovery at LHC14 would require a large integrated luminosity due to small cross section.
For the negative scenario, the associated production of neutral scalars H0A0 can give the same signals
(bb¯τ+τ−, bb¯W+W−, and bb¯γγ) as the SM Higgs pair production, but with a ten times as large cross
section. We could reach 3σ significance in its bb¯τ+τ− signal channel at LHC14@300. The most promising
signal is `± ET bb¯bb¯ from associated H±ψ0 production: a 5σ significance can be reached at L = 109 fb−1
for LHC14. Another signal from H±ψ0 is `± ET bb¯τ+τ−, which has a cleaner background and could be
detected for L ∼ 300 fb−1. The doubly-charged scalars H±± being the heaviest are relatively hard to
probe. We investigated in detail the `±`± ET jjjj signal from associated H±±H∓ production, and found
that a 5σ significance would require an integrated luminosity of L ∼ 500 fb−1.
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